C ongenital hypothyroidism may be of thyroidal origin [congenital thyroidal hypothyroidism (CH-T)] or central (i.e. hypothalamic-pituitary) origin [congenital central hypothyroidism (CH-C)]
. CH-C is less common than CH-T, with an estimated prevalence of 1 in 16,000 vs 1 in 3000 live births (1) . From a public health perspective, CH-C is an important disease because of associated potentially life-threatening multiple pituitary hormone deficiencies (MPHDs) . Undiagnosed central adrenal insufficiency and growth hormone deficiency may cause neonatal hypoglycemia and/or circulatory insufficiency (2) . Approximately 60% to 80% of patients with CH-C have MPHD (2) (3) (4) (5) .
Worldwide, most neonatal CH screening programs are TSH based and effectively detect CH-T but not CH-C. Only a few countries use screening methods in which besides TSH also total or free T4 is measured, allowing CH-C detection.
The Dutch neonatal CH screening program began in 1995 and consists of a three-step approach: measuring T4 in all newborns with TSH determination in the lowest 20% of T4 concentrations and T4-binding globulin (TBG) measurement in the lowest 5% of T4 concentrations. This screening approach is very effective in detecting CH-C (1). As a result, the reported prevalence of CH-C in the Netherlands is one of the world's highest (2) . Early detection and treatment of CH-C is assumed to reduce morbidity and mortality, especially in children with MPHD (2, 6) . However, actual data on morbidity and mortality in early-and late-diagnosed CH-C, with or without MPHD, are lacking.
Currently, we are conducting a nationwide followup study on morbidity and developmental outcome in children with CH-C, detected by neonatal screening, since 1995. During the initial part of the study (i.e., tracing all Dutch patients with CH-C), we observed a high pediatric mortality rate. This was in contrast with the assumption that early detection and treatment reduces mortality. To gain more insight into the cause(s) of death among the deceased children, we reviewed their medical charts.
Methods
Since the start of the Dutch neonatal screening program in 1981, the Netherlands Organization for Scientific Research (TNO Leiden) has registered all abnormal neonatal screening results for CH plus final diagnoses by sending out questionnaires to treating pediatricians at several time points. The first questionnaire is sent out in the first month after a child is referred; the second questionnaire is sent out at the age of 4 years.
To verify the diagnosis of CH-C and to trace all patients with CH-C detected by screening since 1995 for a long-term followup study, we sent out a third questionnaire between 2013 and 2015. Subsequently, we received several notifications of deaths of patients with CH-C, prompting us to develop the current study to collect data on mortality. If a patient died, we asked to be sent all medical details to be able to assess the cause of death. Medical charts of deceased patients were reviewed by two clinicians (N.Z.-S. and J.C.N.).
The year 1995 was chosen as the start of the study period because at that time measurement of TBG in the lowest 5% of T4 concentrations was added to the T4-reflex TSH strategy in the Netherlands and because of anticipated difficulties in tracing data from patients born between 1981 and 1995. The use of the TNO database was in accordance with the Privacy Regulations of the Privacy Committee of the Dutch CH Screening Board. The study protocol was approved by the local medical ethics committee.
Statistical analysis
Our primary outcome was overall mortality rate, specified as infant mortality rate (IMR, probability of dying under 1 year of age) and under-5 mortality rate (probability of dying between birth and exactly age 5; both expressed per 1000 live births).
Under-5 mortality was chosen because all children were followed until at least the age of 5 (follow-up until the age of 18 was not available for the entire cohort). Infant and under-5 mortality rates among children with CH-C with or without MPHD were compared with mortality rates in the Netherlands in the same period (i.e., between 1 January 1995 and 1 February 2013), as registered by Statistics Netherlands. Children with CH-C were excluded from Dutch birth and mortality rates. Length of follow-up was defined as the time between the birth date and the date of sending out the third questionnaire or the date of the patient's hospital visit in the context of our current follow-up study.
Results
The TNO database contained 141 patients classified as having CH-C detected by neonatal screening between 1 January 1995 and 1 January 2013. Total observation time was 1414 years, with a median follow-up duration of 10.2 years.
Two patients did not have CH-C, and one patient with MPHD could not be traced. Of the remaining 138 patients, 82 patients had MPHD (69.5% male), and 56 patients had isolated CH-C (82.4% male). Three patients had isolated CH-C combined with a congenital disorder of glycosylation (CDG) syndrome.
In the studied cohort, 15 patients (10 with MPHD and 5 with isolated CH-C) died (overall mortality rate, 10.9%; 108.7 per 1000).
Nine patients died within the first year of life, resulting in an IMR of 65.2 per 1000. The Dutch IMR in the same period was 4.7 per 1000 live born children (OR, 14.5; 95% CI, 7.6 to 29.3; P , 0.0001). Fourteen patients died before the age of 5, corresponding with an under-5 mortality of 101.4 per 1000 live-born children, compared with 5.4 per 1000 live-born children in the Netherlands during the same time period (OR, 21.1; 95% CI, 12.1 to 36.6; P , 0.0001).
Patient characteristics and causes of death are summarized in Table 1 , which shows several congenital malformations, birth asphyxia, and infections as the leading causes of death. Cause of death was attributed to pituitary hormone deficiency in one patient (case 9).
Additional diagnostic information was available for two patients with isolated CH-C. In case 7, CH-C was most likely caused by severe encephalopathy following birth asphyxia. In case 8, brain imaging via MRI was normal, but a TSH-releasing hormone test confirmed the diagnosis of isolated CH-C.
Discussion
The overall mortality rate in pediatric patients with CH-C detected by neonatal screening was 10.9% (15/138).
The infant mortality and under-5 mortality rates were 6.5% (9/138) and 10.1% (14/138), respectively. Severe congenital cerebral malformations, congenital heart defects, birth asphyxia, and infections were important causes of death, whereas hypopituitarism was not. Overall, CH-C was considered a comorbidity rather than the primary diagnosis in this group of deceased patients. This is a report on mortality in an early-detected CH-C cohort originating from a screened population. Our results indicate that mortality due to pituitary deficiencies is low in early-treated patients. Despite early detection and treatment, one patient had died due to acute adrenal insufficiency during an infection, emphasizing the severity of MPHD. Unfortunately, mortality rates in unscreened populations are lacking. Early death in children with unrecognized CH-C might partly explain the lower observed CH-C prevalence in these countries (7) .
An estimation of how many deaths or hypoglycemic events were prevented by early detection would be very valuable. Unfortunately, these data are not available. We are currently performing a long-term follow-up study of all children with CH-C detected by neonatal screening from 1995 onward. In this study, data on perinatal history, including occurrence of hypoglycemia, are being collected.
Although the Dutch neonatal screening effectively detects children with CH-C, missed cases might occur. Missed cases are not systematically registered, although pediatricians are encouraged to report these patients to TNO. In a recent study among Dutch children with nonacquired, presumed isolated growth hormone deficiency, 29 cases of probable CH-C that had been missed by neonatal screening were detected over 10 years (8) . This suggests that the Dutch neonatal screening misses at least 2.9 children with CH-C per year. Extrapolating these data to our cohort indicates that ;52 children were missed by neonatal screening in this 18-year period; thus, 27% (52/191) of all CH-C cases were missed. From countries using different T4-based screening programs, higher percentages of missed cases have been reported. For example, in a cohort of 42 pediatric patients with CH-C, 81% had been missed with a neonatal screening Abbreviations: BW, birth weight; F, female; GA, gestational age; GH, growth hormone; HCT, hydrocortisone; L-T4, levothyroxine; M, male; NEC, necrotic enterocolitis. a Parents declined endocrine treatment.
strategy that used a "fixed" T4 concentration cutoff of 5 mg/dL, which is ;65 nmol/L and corresponds to approximately 22 SDs (9) . When imputing the estimated number of missed Dutch children in our calculations, the overall mortality rate declines (15/191; 7 .9%) but is still considerably higher than in the general Dutch pediatric population. This cohort study provides demographic data on children with CH-C. A strong male predominance was seen for both isolated CH-C and MPHD, as has previously been reported in smaller studies (3, 4) . Recently, several X-linked genetic causes for isolated CH-C have been identified (e.g., mutations in the IGSF1 and TBL1X genes), which may explain the male predominance (10, 11) .
In almost 60% of our cases, CH-C occurred within the framework of MPHD. In previous reports the proportion of children with MPHD ranged from 58% to 78% (3) (4) (5) .
Our cohort included three patients with CDG. CDGs form a group of inborn errors in protein and lipid glycosylation. Because glycosylation is crucial in myriad processes, symptoms are highly variable, and diagnosis is often delayed (12) . Abnormal results for neonatal CH screening, however, can be seen in children with CDG and might allow early diagnosis, especially when combined with other CDG symptoms or dysmorphic features (12, 13) . Abnormal thyroid function tests in patients with CDG are caused by altered glycosylation of TSH and TBG. Abnormalities most often consist of low free T4 with elevated TSH or low total T4 caused by partial TBG deficiency (14) . When measuring free T4 and TSH concentrations using equilibrium dialysis, values in the normal range have been reported (15) . Although it has been concluded that most patients with CDG can be considered chemically euthyroid (14) , patients with clinical symptoms of hypothyroidism requiring T4 supplementation have been reported as well (16) . Whether these patients should be classified as having isolated CH-C is debatable.
This study has limitations. CH-C is not an easy diagnosis because it relies heavily on the serum or plasma free T4 concentration (given the hypothalamic-pituitary origin, measurement of TSH does not contribute to the diagnosis). Because patients were diagnosed by various pediatricians, misdiagnosis cannot be ruled out. In addition, in the deceased patients with presumed isolated CH-C and other "severe illnesses," the abnormal thyroid function tests might be explained by nonthyroidal illness (17) . Because of these patients' early death, the permanence of isolated CH-C could not be verified after the first 2 to 3 years of life. We did, however, review medical charts of all deceased patients, including their neonatal screening results, laboratory values, and medication history.
Given the association between hypopituitarism and cerebral anomalies, an increased mortality rate in this subgroup of patients was to be expected, and therefore the results of this study are not surprising. However, at the same time, by tracing all patients with CH-C with or without MPHD detected by neonatal screening since 1995, we were able to show that the mortality in hypopituitarism without concurrent diagnoses is low: in our cohort only one patient died.
In summary, we report an increased mortality in patients with early-detected CH-C that does not seem to be related to endocrine disease. This suggests that mortality due to pituitary deficiencies is low in an earlydetected and early-treated CH-C population, but the mortality rate for patients with CH-C in unscreened populations remains unknown.
